Magnesium protoporphyrin IX methyltransferase (ChlM), an enzyme in the chlorophyll biosynthetic pathway, catalyses the transfer of a methyl group to magnesium protoporphyrin IX (MgP) to form magnesium protoporphyrin IX monomethyl ester (MgPME). S-Adenosyl-L-methionine is the other substrate, from which a methyl group is transferred to the propionate group on ring C of the porphyrin macrocycle. Stopped-flow techniques were used to characterize the binding of porphyrin substrate to ChlM from Synechocystis PCC6803 by monitoring tryptophan fluorescence quenching on a millisecond timescale. We concluded that a rapid binding step is preceded by a slower isomerization of the enzyme. Quenched-flow techniques have been employed to characterize subsequent partial reactions in the catalytic mechanism. A lag phase has been identified that has been attributed to the formation of an intermediate. Our results provide a greater understanding of this catalytic process which controls the relative concentrations of MgP and MgPME, both of which are implicated in signalling between the plastid and nucleus in plants.
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INTRODUCTION
Chlorophyll biosynthesis is essential for the assembly of photosynthetic complexes, which harvest sunlight and convert it into chemical energy. The analysis of this biosynthetic pathway has been facilitated by the overexpression of genes encoding these enzymes, often from bacterial sources, which has resulted in the production of the large amounts of protein needed for detailed functional studies [1] [2] [3] [4] [5] [6] [7] [8] [9] . Magnesium protoporphyrin IX methyltransferase (ChlM; EC 2.1.1.11) catalyses the second committed step in chlorophyll biosynthesis, where magnesium protoporphyrin IX (MgP) is converted into magnesium protoporphyrin IX monomethyl ester (MgPME). These tetrapyrrole intermediates have been implicated in the plastid-to-nucleus signalling pathway. For example, feeding and inhibitor experiments have identified MgPME as the plastid-to-nucleus signal that leads to repression of the lhcb genes in Chlamydomonas reinhardtii and cress seedlings [10] . It has been shown that MgPME feeding of Chlamydomonas activates nuclear heat-shock genes through a lightresponsive promoter element in dark-grown cultures [11, 12] . Furthermore, several Arabidopsis thaliana gun mutants, previously shown to be uncoupled in this signalling pathway [13] , are proposed to affect the same plastid-to-nucleus signalling by perturbing levels of protoporphyrin and MgP [11, [14] [15] [16] .
In order to understand the availability of these chlorophyll precursors for signalling as well as biosynthesis, it is important to understand the kinetics of MgP methylation, and, eventually, how this process is coupled to the preceding step, that of magnesium chelation. Despite the successful overexpression of bchM, the gene encoding the methyltransferase from Rhodobacter capsulatus and R. sphaeroides [17, 18] , little kinetic work has been undertaken. This is possibly because this enzyme does not lend itself to continuous assays by spectroscopic methods. Kinetic studies have been performed on MgP methyltransferase from Euglena gracilis [19] , which imply the existence of a ternary complex. Subsequent inhibition studies demonstrated that ChlM from E. gracilis operates via a random ternary mechanism [20] . Steady-state kinetic studies, using purified ChlM, have demonstrated that the reaction proceeds via a random ternary mechanism, where the porphyrin substrate and S-adenosyl-L-methionine (SAM) may bind in either order [21] .
It has been suggested that all methyltransferases operate via a direct displacement S N 2 mechanism [22] . However, it cannot be assumed that nucleophilic displacement can fully describe the reaction mechanism; it should be noted that enzyme-bound intermediates have been identified in methyltransferases involved in cobalamin biosynthesis [23] , the methyl cycle [24] and DNA methylation [25] [26] [27] [28] [29] .
In the present paper we describe the use of stopped-flow techniques to demonstrate that porphyrin rapidly binds to ChlM, following a slower isomerization of the enzyme. Pre-steady-state catalysis was monitored using quenched-flow and HPLC techniques, which highlighted a lag phase prior to product evolution. This has been attributed to the formation of a stable intermediate, as the evolution and depletion of a third peak in the HPLC traces is characterized by a double exponential, a trademark of such a species. In light of these results, a putative reaction mechanism is discussed.
MATERIALS AND METHODS

Materials
All pigments were purchased from Porphyrin Products (Logan, UT, U.S.A.). The remaining chemicals were purchased from Sigma-Aldrich unless otherwise specified.
Abbreviations used: ChlM, magnesium protoporphyrin IX methyltransferase; MgD, magnesium deuteroporphyrin IX; MgDME, magnesium deuteroporphyrin IX monomethyl ester; MgP, magnesium protoporphyrin IX; MgPME, magnesium protoporphyrin IX monomethyl ester; SAH, S-adenosyl-Lhomocysteine; SAM, S-adenosyl-L-methionine. 1 To whom correspondence should be addressed. Present address: Department of Biochemistry and Molecular Biology, A222 Life Sciences Building, Green Street, University of Georgia, Athens, GA 30602, U.S.A. (email shepherd@secsg.uga.edu).
Protein expression and purification
The plasmid pET9a-His 6 -ChlM [30] was transformed into Escherichia coli BL21 (DE3) cells and the chlM gene was induced for 15 h at 20
• C using 0.4 mM IPTG (isopropyl β-D-thiogalactoside). The cells were harvested by centrifugation (3000 g, 20 min, 4
• C) and cells from a 2-litre culture were resuspended in 20 ml of chilled binding buffer [20 mM citrate/KOH (pH 5.8), 500 mM NaCl, 500 mM glycerol and 5 mM imidazole]. The cells were disrupted by sonication for 6 × 30 s on ice, and the cell debris was removed by centrifugation (39 000 g, 30 min, 4
• C) at 4
• C. The supernatant was loaded at 2 ml/min on to a 2.0 cm × 5.0 cm column packed with Chelating Sepharose FastFlow resin (Pharmacia) charged with 50 mM NiSO 4 and preequilibrated with 3 column vol. of binding buffer. The column was washed with 10 column vol. of binding buffer and 6 column vol. of binding buffer containing 60 mM imidazole (wash buffer) to remove any loosely bound contaminants. The His-tagged ChlM was eluted with binding buffer containing 250 mM imidazole (eluent buffer). A 50 ml column of P-6 desalting gel (Bio-Rad) was equilibrated with chilled buffer [50 mM citrate/KOH (pH 5.8), 300 mM glycerol and 200 mM NaCl] and was used to remove imidazole from the protein sample. A typical yield was 15 mg of protein from a 2-litre culture of E. coli.
Substrates and products
Porphyrin solutions were prepared weekly by dissolving a small amount of porphyrin in buffer. Porphyrin concentrations were determined in 0.1 M HCl, using the ε 398 of 433 000
[30], after Mg 2+ had been removed from the porphyrin by a 5 min incubation in 1 M acetic acid. SAM and S-adenosyl-L-homocysteine (SAH) stock solutions were prepared daily in 0.1 M HCl and 0.1 M NaOH respectively. Their concentrations were determined using the ε 256 of 15 200 M −1 · cm −1 in 1 M HCl for SAM and the ε 260 of 16 000 M −1 · cm −1 at pH 7 for SAH [32] .
ChlM assays
Reactions were carried out at 30
• C in 100 mM Tris (pH 7.5)/ 0.5 µM ChlM/500 µM SAM/100 µM magnesium deuteroporphyrin IX (MgD). The assay mixtures were incubated at 30
• C in the absence of SAM for 5 min to allow for thermal equilibration. SAM was added, 20 µl aliquots were taken every 2 min over a period of 8 min and then quenched in 400 µl of stop solution (acetone/water/33 % ammonia solution, 80:20:1, by vol.). These aliquots were centrifuged at 20 000 g for 5 min to pellet any aggregated protein. Pigments were separated using HPLC reversed-phase chromatography as described by Shepherd et al. [21] . A 20 µl portion of the soluble phase was loaded on to a Beckman ODS Ultrasphere column (150 mm × 4.6 mm). The pigments were separated by a 7 min linear gradient from 0 to 67 % solvent B at 2 ml/min, and then the gradient was paused for a further 5 min for the porphyrins to be eluted.
The peaks were integrated using Waters Millennium software. Known amounts of magnesium deuteroporphyrin IX monomethyl ester (MgDME) were analysed in the same way to produce a standard curve. The maximum rate during an assay was taken as the steady-state rate, which occurred at the beginning of the reaction.
Stopped-flow measurements
ChlM-porphyrin binding was followed using an Applied Photophysics SF18 MV stopped-flow spectrofluorimeter. The reaction cell was maintained at a constant temperature of 30
• C by circulation of water from a thermostatically controlled water bath [Grant The data are fitted to a single hyperbolic decay, and the fitted parameters correspond to events in Scheme 1. The curve levels off at k obs = 3.09 s −1 , which corresponds to k 1 . The fitted equilibrium constant is 3.36 µM, which corresponds to K 2 . The y-axis intercept, corresponding to k 1 + k −1 · k −1 , is approx. 600 s −1 .
Instruments (Cambridge) Ltd]. Tryptophan fluorescence was measured by excitation at 280 nm through a 9-nm band-pass filter.
Emission was observed through a Schott WG305 high-pass filter and an Oriel 51 664 low-pass 450 nm filter, positioned in front of the observation photomultiplier. Values of the observed rate constant (k obs ) were obtained by analysis of the reaction trace as a single exponential [F t = F 1 exp (− k obs · t) + c], using the online data analysis package. The k obs -versus-S data were fitted to a single hyperbolic decay.
Quenched-flow measurements
Pre-steady-state time samples from ChlM-catalysed methyltranferase reactions were obtained using a Hi-Tech rapid quenchedflow system. The reaction cell was maintained at a constant temperature of 30
• C by circulation of water from a thermostatically controlled water bath (Grant Instruments). Reactions were quenched in stop solution (acetone/water/33 % ammonia solution, 80:20:1, by vol.) and the concentrations of MgDME and intermediate were determined using HPLC reversed-phase chromatography, in the same way that steady-state assays were monitored. The data obtained were analysed using non-linear regression (Sigmaplot), and apparent rate constants for the evolution/ decay of intermediate were obtained by modelling the data using a double exponential [ y = a(1 − e −bx ) + c(1 − e −dx )]. The data points for the evolution of product could not easily be fitted to exponential curves, so these data were modelled to a double exponential with a linear phase [ y = a(1 − e −bx ) + c(1 − e −dx ) + mx] using the rate constants for the formation/decay of intermediate. The k obs value for the evolution of intermediate corresponds to the lag phase in MgDME evolution, and the k obs value for the decay of intermediate corresponds to the burst of MgDME formation.
RESULTS
Stopped-flow substrate-binding kinetics
When the binding of MgD to ChlM was performed, the observed association rate constant appeared to decrease with increasing substrate concentration (Figure 1 ). This is characteristic of a reaction scheme whereby two consecutive reversible reactions exist, the second of which is faster than the first. This is summarized in Scheme 1, where the transition from E to E represents The four chromatograms correspond to quenched aliquots taken at 2, 4, 6 and 8 min. The pigments were bound to a C-18 reversed-phase column with a 2 ml bed volume. A gradient of acetonitrile from 0-100 % over 15 ml was used to elute substrate and product at different points. The elution of porphyrins was detected using a fluorescence detector with excitation and emission wavelengths of 400 nm and 580 nm respectively. Peaks at 10 min and 12.3 min correspond to MgD and MgDME respectively. The peaks at 12.7 min correspond to a putative intermediate.
a conformational change. The data are fitted to eqn (1), which describes a single hyperbolic decay. When the [MgD] is very high, the first equilibrium is essentially irreversible as E is transformed completely to E · MgD, and k obs tends towards k 1 . When [MgD] is very low, there is very little E · MgD, and k obs tends towards k 1 + k −1 . Hence, the observed rate constant appears to decrease as more MgD is added. The values of k 1 and K 2 were 3.09 s −1 and 3.36 µM respectively. The value of k −1 could not be accurately determined, as this requires the extrapolation of the data in Figure 1 to the y-axis. However, this value could be approximated as 600 s −1 .
Quenched-flow analysis of pre-steady state methyltransferase turnover
In order to establish the conditions for a pre-steady-state analysis, a steady-state stopped assay was performed over an 8-min duration. The individual time points were analysed by HPLC, which shows the evolution of the MgDME product peak, as well as a peak of constant amplitude in the steady-state. Figure 2 shows the chromatograms obtained in a steady-state assay, which shows the evolution of MgDME at 12.3 min and the presence of an extra peak at 12.7 min, later to be attributed to an intermediate species. When pre-steady state kinetics were performed using quenched flow, the evolution of MgDME and evolution/depletion of a putative intermediate could be monitored on the millisecond timescale. Figure 3 Fluorescence excitation and emission wavelengths were 400 nm and 580 nm respectively. These data have been fitted to a double exponential. k 1 = 11.9 + − 0.5 s −1 , k 2 = 11.8 + − 0.5 s −1 . (C) Evolution of MgDME calculated from the peaks at 12.3 min on the HPLC chromatograms. MgDME concentrations have been fitted to a double exponential with a linear phase, using the rate constants from (B). The steady-state rate is 0.41
intermediate has been formed, yet very little MgDME has evolved. These demonstrate that the intermediate evolves before MgDME is produced. The absorbance and fluorescence spectra of the intermediate are identical with that of MgDME. Figure 3(B) shows the evolution/depletion of intermediate, represented by the peaks at 12.7 min in the HPLC chromatograms. These data are fitted to a double exponential, the first phase of which has a rate constant of 11.9 + − 0.5 s −1 and the decay has a rate constant of 11.8 + − 0.5 s −1 . This behaviour is characteristic of a reaction intermediate. Figure 3(C) shows the evolution of MgDME, represented by the peaks
Scheme 2 Proposed reaction mechanism of ChlM
The scheme depicts a random ternary mechanism, whereby both substrates may bind in either order.
µM. E, enzyme; E , enzyme with altered conformation; Int, putative intermediate.
at 12.3 min in the HPLC chromatograms. These data could not be accurately fitted to a double exponential so the rate constants for the evolution/decay of intermediate were used as constraints to fit a double exponential with a linear phase. The linear phase corresponds to a steady-state rate of 0.41 + − 0.04 µM · min −1 . The decay of the intermediate species coincides with the evolution of MgDME, which implies that MgDME is formed via the decay of this species.
DISCUSSION
MgD has previously been shown to bind to free ChlM [21] . Figure 1 depicts the rate of quenching of ChlM tryptophan fluorescence upon binding to MgD. The observed rate constants, which describe the rate of E accumulation (Scheme 1), decrease with increasing porphyrin concentration, which is characteristic of a slower step that precedes rapid substrate binding [33] . The first step is likely to be a domain reorganization that alters the conformation of the MgD-binding site. This has been observed in the case of M.HhaI [27] , another member of the methyltransferase family of enzymes; in this case it has been shown that SAM may bind to two conformationally distinct enzyme species. Similarly, SAM may bind to ChlM before or after MgD binding [21] , suggesting that SAM may bind to both E and E (Schemes 1 and 2).
The evolution of MgDME was followed on the millisecond timescale using quenched flow combined with HPLC reversedphase chromatography ( Figures 3A and 3C) . The steady-state rate was 0.41 + − 0.04 µM · min −1 . This is consistent with previous kinetic analysis of ChlM from Synechocystis [21] . The burst of MgDME evolution corresponds to the time at which the depletion of porphyrin intermediate commences ( Figure 3B ). This suggests that MgDME is formed directly from this modified porphyrin.
The transition between E and E at 30 µM MgD (Figure 1 ) has an observed rate constant of approx. 70 s −1 . This is faster than the evolution of intermediate in Figure 3 (B) (k obs = 11.9 + − 0.5 s −1 ). This is consistent with Scheme 1, as the isomerization step must occur before MgD binds and the intermediate is formed. Scheme 1 assumes that MgD binding is very rapid (> 600 s −1 ) and, at present, further resolution of this rate constant is outside the capabilities of the rapid-mixing techniques used in this study. Therefore, the difference in rates between enzyme isomerization and intermediate formation may be attributable to a change in the conformation of bound SAM or MgD substrates and/or the breaking/ formation of chemical bonds.
The t = 4.3 ms time point chromatogram in Figure 3 (A) demonstrates that a small amount of intermediate has been formed. The next time point illustrates that after 100 ms more intermediate has been formed, yet very little MgDME has evolved. The last time point shown is the 800 ms sample, which clearly demonstrates the concomitant depletion of intermediate and evolution of MgDME. The fluorescence yields of MgD and MgDME are very similar when measured in the HPLC solvents used. Also, the absorption/fluorescence characteristics of the intermediate are the same as those of MgD and MgDME. Given that the porphyrin macrocycle chemistry should remain largely unchanged during the methyltransferase reaction, it seems likely that the intermediate will have a similar fluorescence yield. If this is the case, the concentration of intermediate at 150 ms is approx. 0.5 µM. This is equal to the concentration of enzyme used and suggests that the majority of ChlM is active.
These results, along with recent steady-state analysis [21] , are consistent with the reaction mechanism in Scheme 2. This depicts a random ternary mechanism, established as a result of the steady-state kinetic studies described previously [21] . The K d for the binding of MgD to E (3.36 µM) is in close agreement with previous data, where tryptophan fluorescence quenching was used to measure the binding of MgD to ChlM at equilibrium (K d = 2.37 µM) [21] . MgDME and SAH formation is likely to proceed via the production of an intermediate, as suggested in the present study. Since the rates of formation and decay of the intermediate are much faster than k cat (0.057 s −1 ) [21] , the ratelimiting reaction is likely to involve the product-release steps. The most simple methyltransferase reaction is a direct displacement involving nucleophilic attack on the methyl carbon atom. However, there are precedents for the formation of intermediates in methyltransferases [23] [24] [25] [26] [27] [28] [29] , but this is the first time that rapidmixing techniques have been used to characterize such a species in the field of chlorophyll biosynthesis. Further characterization of this intermediate has proved difficult, as the isolation of acceptable yields will require large amounts of protein and a preparative chromatography protocol.
The natural substrate and product for the ChlM catalysed reaction have been implicated in plastid-to-nucleus signalling [10] [11] [12] [13] [14] . A recent study has highlighted the role of MgP in repressing the expression of nuclear-encoded photosynthesis genes [15] . This further emphasizes the importance of quantitative studies, not only of the methyltransferase and magnesium chelatase, but also of the interaction between these enzymes. Such interactions could be crucial in determining the availability of MgP for both signalling and biosynthetic roles in the chloroplast.
